It is well established in theory that short-term environmental fluctuations could affect the long-term growth rates of wildlife populations, but this theory has rarely been tested and there remains little empirical evidence that the effect is actually important in practice. Here we develop models to quantify the effects of daily, seasonal, and yearly temperature fluctuations on the average population growth rates, and we apply them to long-term data on the endangered Black-faced Spoonbill (Platalea minor); an endothermic species whose population growth rates follow a concave relationship with temperature. We demonstrate for the first time that the current levels of temperature variability, particularly seasonal variability, are already large enough to substantially reduce long-term population growth rates. As the climate changes, our results highlight the importance of considering the ecological effects of climate variability and not just average conditions.
Introduction
Population growth rate is fundamental to understanding the relationship between populations and environmental conditions [1] . Population growth is determined not just by the well-documented effects of average environmental conditions [2] [3] [4] , but also by more complex effects of environmental variability [5] . This may include the well-known effects of variability on extinction risk [6, 7] , with fluctuations reducing populations to the critically low numbers where they become vulnerable, but in theory environmental variability can also impact the long-term growth rates of wildlife populations more directly [8, 9] . This theory is grounded in the classical Jensen's inequality [10] , where for nonlinear functions, f(x), the average of the function, f ðxÞ, is not equivalent to the function of the average, f ð xÞ. From the theory, we know that the direction and magnitude of this inequality can differ markedly depending on the nature of the function and the degree of variability. The average of concave-down functions is lower, but the average of convex functions is higher and the average of functions that switch concavity could be either, so the magnitude of the inequality is determined not just by the variability but also by the degree of concavity in the function [10, 11] .
When fluctuating conditions drive variability in population multiplication rate 'λ', Jensen's inequality can introduce an inherent negative pressure on long-term population growth 'r' because the relationship between 'r' and 'λ' is concave down: r = ln(λ) [9, 12] . For example, a population that declines by 50% in one year does not fully recover if it then increases by 50% the next. Although the arithmetic mean of the population multiplication rate in this instance is (0.5+1.5)/2 = 1, the geometric mean is only (0.5 Ã 1.5) 1/2 = 0.866 and the average population growth rate is negative because the mean of the function (r = lnλ) is below zero. In the long term, this variability produces populations which are smaller than they would otherwise be, and this generalises for any population that experiences variability in its rate of multiplication. However, the impact of variability is not only mediated through this relationship between r and λ; Jensen's inequality is relevant to any nonlinear relationship between environmental variables and population growth rate [11, 13] . The mathematical proof for this is over a century old [10] , and although theoretical biologists have long recognised its relevance for populations in fluctuating environments [8, 9, 14, 15] , there have been few attempts to test the theory's importance by quantifying the amount by which environmental variability actually reduces wildlife population growth rates in practice.
A study of phytoplankton showed that when population growth rates increase exponentially with temperature, this convex relationship can actually result in a small positive effect of temperature variability on the population growth rate [13] . Convex relationships can occur, most notably in ectotherms living well below their optimal temperatures (Amarasekare & Savage 2012), but more commonly, species respond with concave functions [4, 16] . When functions are concave, it is known from theory that variability will have negative effects, but it is not yet clear whether these negative effects will actually be large in practice. A small number of studies have quantified the effect of inter-annual variability on population growth rates and found them to be small [17, 18] , but much of the variability in environmental conditions is intraannual rather than inter-annual and it is not yet known whether this shorter-term variability has any appreciable effect on rates of population growth.
Here, by developing models which allow us to partition the effects of annual, seasonal, and daily temperature variation, we aim to test whether these environmental fluctuations can reduce wildlife population growth rates in practice.
We apply these models to long-term data on the Black-faced Spoonbill (Platalea minor), an endothermic study species in which population growth rate shows a characteristically symmetrical concave-down relationship with temperature, and while we find that inter-annual variability in temperature may indeed have only a small effect on population growth rates, we show that the seasonal and daily variability can have a major impact, reducing population multiplication rates to around half of what could be achieved under constant conditions.
Materials and Methods
This research is based on pre-existing non-human data which are freely available in the public domain (http://www.hkbws.org.hk/).
In order to quantify the amount by which prevailing levels of environmental variability can reduce wildlife population growth rates, we first needed to select a suitable study system, and reconstruct the relationship between population growth rate and some measurable component of the environment. We chose to focus on the relationship between temperature and the population growth rates of Black-faced Spoonbills (Platalea minor). Platalea minor is an endangered species whose population has been well monitored, with teams in Hong Kong conducting systematic population counts every year since the species established itself there in 1985 as a regular winter visitor to the wetlands of Deep Bay [19] . Since then, the Hong Kong population has increased from 11 to 188 birds, with fluctuations ranging between 7 and 479 (see S1-S3 Files for full data set). Over this period, we were able to reconstruct the relationship between population growth rate and temperature by combining these long-term population data with longterm temperature data from the NCEP/NCAR reanalysis [20] . Platalea minor is a migrant species, and while our study population has been surveyed on its wintering grounds in Hong Kong, it spends the summer breeding in western Korea [21] . Throughout the Hong Kong winter and the Korean summer, temperature data from the NCEP/NCAR reanalysis provide us with detailed information on the daily temperatures to which P. minor have been exposed, allowing us to integrate the overall effects of temperature on population growth rate throughout the year on both the wintering grounds and the summer breeding grounds.
The exact mechanism by which temperature affects population growth rate here is unknown, but it is likely to include numerous different components which may act directly or indirectly on the birds, and which may have either immediate or delayed effects. With our analysis we sought not to catalogue or tease apart these individual components but rather to model their combined action as they work together in one overall composite effect. Population growth rates are determined by the balance between birth rates and death rates, so any effect of temperature on either birth or death will affect population growth. The action of temperature is not limited to direct immediate effects of temperature on reproductive performance during the breeding season, so we sought to build models which would also include any effects of temperature on death rates at any time of year, and any delayed or indirect effects which temperatures throughout the year might have on reproductive performance. Direct and immediate effects of temperature are well-known, with increased mortality from both heat [22] and from cold [23] , but there is also evidence that breeding performance during the summer months can, for example, be affected by feeding conditions during winter [24] . Platalea minor is a waterbird, which uses its long flat beak to catch a range of fish and invertebrates in the shallow waters of coastal mudflats. One study in Taiwan [25] found that Mullet made up about half their diet, but they are quite generalist feeders, and if adverse winter temperatures were to affect the availability of Mullet or other food then this could affect the body condition of P. minor and their subsequent ability to breed and survive. We built models which could accommodate not just any direct immediate effects of temperature on reproduction, but the overall cumulative action of any effects which temperature at any time of year might ultimately have on reproduction and on mortality rates throughout the year.
We chose to focus specifically on the effects of temperature and to quantify the impact of temperature variability on overall rates of population growth. Temperature is only one component of environmental variability, and if temperature variability alone has an appreciable impact on population growth rates, then the overall effects of all environmental variability combined will be larger still. Unlike many other types of environmental variation, temperature has been widely and accurately recorded throughout recent history, it shows high levels of short-term variability, its impacts have been relatively well studied, and predictions of temperature change are well modelled. There are many other aspects of the environment which could affect population growth but we have focused here on temperature because it provides us with a good model system with which to quantify the effects of environmental variability.
The effect of environmental variability rests on the existence of non-linearity in the underlying relationship, and having selected our study system, we were then able to reconstruct this relationship between population growth rates and temperature, and to test explicitly whether it was nonlinear. By then constructing various temperature scenarios which included and excluded the daily, seasonal, and annual components of variability in temperature, we were then able to use our nonlinear model to predict and compare average population growth rates in the presence and absence of temperature variability, thus quantifying the amount by which population growth rate could be reduced by the prevailing levels of variability in temperature.
Reconstructing the relationship between the population growth rates of P. minor and temperature involved a number of analytical steps. First, because any effect of temperature variability on population growth rates hinges critically on whether the relationship is nonlinear, we used a quadratic function:
to capture any nonlinearity and to formally test whether this nonlinear model was significantly better than a simple linear model. In this function, r denotes the per capita growth rate, T denotes temperature, and the parameters of the quadratic function are denoted as α, β and γ. This quadratic function allows population growth rates to increase with temperature when it is too cold, and to decrease with temperature when it is too hot.
In order to estimate the parameters α, β, and γ, we rearranged the expression as:
i.e:
where N t is the population size in year t, and N t+1 is the population size in the following year.
Here, e r is the population multiplication rate, λ, and therefore the population size in year t+1 is simply the population size in year t multiplied by the population multiplication rate. By using this format, we could estimate the same parameters α, β, and γ, but we were able to work with population size as our dependent variable, and that could then be modelled using a standard over-dispersed Poisson distribution. Furthermore, by specifying a log-link function, and by specifying ln(N t ) as an 'offset', we were able to implement this model using the standard quasigeneralised linear modelling framework:
which we fitted using the statistical software package R v2.15.3 [26] .
To partition out the effects of annual, seasonal and daily temperature variability on population growth rates, we worked with daily temperature data and constructed models which could accommodate effects at each of these time scales. The annual population growth rate (r) is the addition of the growth rates at shorter time intervals throughout the year, and a model of annual population growth rate can be built up on that basis. Just as an annual survival probability can be seen as the product of survival in four consecutive seasons, so the annual population growth rate, r, can be thought of as the sum of the daily population growth rates throughout the year:
Each of these daily population growth rates can be modelled as a quadratic function of temperature on each particular day, so
If each day is allowed to have its own intercept (α), then population growth rate is also allowed to change daily for reasons which may have nothing to do with temperature, e.g a change in predation rate, food availability, or the onset of breeding. This concept of daily intercepts maintains the shape of the quadratic relationship through time, but acknowledges that the function will shift up and down on the y-axis when other effects impact population growth. In practice, when we fitted the model of annual per capita growth rate, we only needed to estimate the sum of these α values, and not all the separate values for each individual day. Indeed, because the annual per capita population growth rate for the whole year is the sum of the daily per capita growth rates, it simplifies to:
thus by creating one variable which is the sum of the daily temperatures, and a second variable which is the sum of the squares of the daily temperatures, we condensed everything into a model with just two variables (ST and ST 2 ) and three parameters (Sα, β, and γ). In this way, by building up a model which acknowledges that annual population growth rate is determined by the sum of daily population growth rates, we can look at how daily temperatures affect annual population growth rates, and quantify the impact of short-term temperature variability. The model allows us to see not only how annual population growth rate will be affected by a hot or a cold year, but also how it will be affected by a year when temperatures are variable or constant. The ST increases with mean temperature, but the ST 2 will also increase with variability in temperature. Together, these components of the model can tease apart the impacts of mean temperature and temperature variability. Note too, that by building the model in terms of how annual population growth rate is affected by daily temperature variability, we can accommodate delayed effects. An adverse temperature on a particular day need not necessarily have its adverse effect immediately, and by modelling annual population growth in terms of the cumulative effect of daily conditions, the birds can encounter and incur the cost of adverse conditions on one particular day but they need not necessarily book those costs until sometime later. If for example adverse winter temperatures reduce the availability of prey, and if that nutritional stress then dampens breeding success later that year, these models will be able to include those effects; acknowledging that winter temperatures can affect breeding performance but acknowledging too that the effect could be somewhat delayed.
In implementing the models, these temperature variables were constructed by combining daily mean temperatures for each day through the Hong Kong winter season, and through the Korean breeding season. To interpret what the parameters mean for temperature changes across the whole year and not just for one day, this model was also rescaled by using the mean temperature instead of the sum of temperatures, and by using the mean square of temperature instead of the sum of temperature squares.
In reconstructing the relationship between population growth rate and temperature, we controlled and corrected for any effect of temperature on the proportion of the population which is actually counted, p. In year 't', the observed population size, O t , will be influenced not just by the true population size, N t , but also by this 'detection probability', p t :
Temperature could affect detection probability, p t , if it influences either the visibility of the birds or their chance of being on the Hong Kong wintering grounds during the systematic programme of standardised mid-January counts. If we did not control for such an effect then it could bias the apparent relationship between temperature and population growth rate, but we dealt with this using models which acknowledge that the observed population multiplication rate is influenced not just by the ratio of the true population sizes but also by the ratio of the detection probabilities:
If detection probability were constant, then no matter whether the whole population was being detected or only a small fraction of it, the ratio of the detection probabilities would equal one and this term could cancel out. However, if temperature were to have some effect on whether these migratory birds come to Hong Kong and get counted, then this ratio of detection probabilities needs to be addressed. This was achieved by modelling detection probability as a function of temperature,
and we inserted this into our model:
Using the year to year difference in mean seasonal temperature, we can thus control and correct for any effect of changing Hong Kong winter temperatures (D T W Þ and changing Korean summer temperatures (D T S Þ on the ratio of detection probabilities. Thus even if temperature does affect detection probability, we can still reconstruct the quadratic relationship between population growth rates and temperature, estimating the parameters α, β, and γ from data on observed population size rather than true population size:
Note that the underlying quadratic relationship between population growth rate and temperature is not fitted as a direct relationship between observations of annual population growth and observations of annual temperature-the data are in the form of observed population sizes O in years t and t+1, mean daily temperatures, mean daily square of temperatures, and as the change in summer temperature between consecutive years and the change in winter temperature.
By estimating these quadratic parameters, α, β, and γ, we reconstructed the underlying relationship between population growth rate and temperature, and we were then able to quantify the impact of temperature variability on long-term population growth rates. We constructed different temperature scenarios for the period 1985-2013 and compared the ratio of the expected long-term geometric mean of population multiplication rates in the presence and absence of temperature variability:
Here λ 1 and λ 2 are the expected geometric mean of annual population multiplication rates throughout the n years of the study, when exposed to the temperatures T 1 and T 2 of Scenario 1 (variable temperature) and Scenario 2 (constant temperature), respectively. Scenario 1 was the observed temperatures during 1985-2013 in Hong Kong winters and Korean summers, while for Scenario 2, each day during this period was set to the mean temperature of Hong Kong winter or Korean summer for the wintering and breeding seasons respectively. In effect, we compared the mean of the function versus the function of the mean; using this ratio as a way of quantifying the magnitude of Jensen's inequality. Note that variability in temperature will not actually affect the terms in either α or β, so provided the mean temperature is the same for the different temperature scenarios, the expression simplifies to:
and because the variance and standard error of γ have already been estimated, the delta method could then be used to estimate the variance and standard error of this ratio [27] .
As well as quantifying the overall impact of all temperature variability combined, we also used a similar approach to tease apart the different effects of daily, seasonal and annual temperature variabilities on population growth rates. Rather than predicting average population growth rate using a scenario based on observed daily temperatures, we constructed scenarios which contained only daily, seasonal, or yearly variability in temperature, and we then compared the population growth rate predicted under these scenarios with that predicted under Scenario 2 with constant average temperatures.
Annual variability in temperature was built into a scenario where the daily winter temperatures from 1985-2013 were set to the mean temperature of each winter in Hong Kong, and the daily summer temperatures were likewise set to the mean temperature of each summer in Korea.
For seasonal variation we used the linear model procedure of R v2.15.3 [26] to construct quadratic models of Hong Kong daily winter temperatures against date through the Hong Kong wintering period, and Korean daily summer temperatures against date through the Korean breeding season. We then built the scenario using the expected value of temperature for each winter day and each summer day.
For the scenario involving daily variability, we first constructed a model with similar quadratic relationships of temperature against date and with a further additive effect of 'year' as a factor. We then took the residuals from this model and added them to the overall mean temperatures for the Hong Kong winter period and for the Korean summer period.
The population growth rates predicted under each of these specific scenarios were then compared to those predicted under the constant average temperatures of Scenario 2, and any difference was quantified using the ratio of geometric means as above (Eq 13 and 14).
Results
Our results show that the relationship between population growth rate and temperature is indeed nonlinear, with a significant negative quadratic component in the function (Table 1, Fig  1) . The existence of this nonlinearity means that the variability in temperature can in principle influence the long-term average population growth rate, and our analyses then allowed us to quantify by how much. The combined effects of the annual, seasonal, and daily components of temperature variability in both Hong Kong and in Korea was large enough to drive annual population multiplication rate down to just 44.9% (± 13% SE) of what it could be if temperatures remained constant at their average values in Hong Kong and in Korea (Fig 2) . The overall effect of temperature variability is thus considerable compared to previous studies and our analyses demonstrate here that wildlife population growth rates can be substantially reduced by environmental variation.
Our analyses further demonstrate that not all components of the temperature variance are equally important (Fig 2) . Consistent with previous findings [17, 18] , we show that the effects of inter-annual variability are actually very small, and a population exposed only to interannual variance would still be able to achieve an annual population multiplication rate which is 98.8% (±0.4% SE) of what it would achieve under constant average conditions. By contrast, a population exposed only to seasonal variation would be able to achieve an annual population multiplication rate which is only 56.4% (± 12% SE) of what could be achieved under constant conditions (Fig 2) . Much of this effect was due to seasonal variation on the temperate Korean breeding grounds rather than on the tropical wintering grounds in Hong Kong. In tropical Hong Kong, the seasonal variation was smaller and less important than the daily variation. The The relationship between population growth rate and temperature, as modelled using a quadratic function. The significant negative quadratic component indicates that the relationship between population growth rate and temperature is significantly nonlinear; increasing up to an optimum and then decreasing thereafter. The model also controls for possible effects of temperature on detection probability (Eq 11), but finds no evidence that these effects are actually significant in practice.
doi:10.1371/journal.pone.0136072.t001 The fitted quadratic relationship between population growth rate and temperature (±s.e on each of the parameters α, β, γ). This underlying relationship was fitted according to Eq 12 and not directly to observations of annual population growth rate versus annual temperature. Note that the realised annual population growth rates will depend not just on annual temperature but also on intra-annual temperature variability and this graph shows the underlying relationship between annual population growth rate and annual temperature in the absence of this variability. Throughout the study period, there were 28 years in total over which annual population growth rate was quantified (i.e. N = 28). effect of the daily variation in Korea was similar to the effect of daily variation in Hong Kong (Fig 2) .
Discussion
Our results show for the first time that short-term environmental variability can have a substantial effect on the long-term growth rates of a wildlife population. Although the theory has long indicated that this could be important in principle, it has rarely been tested, and here we provide the first empirical evidence that it is actually important in practice. We demonstrate that the nonlinearity in the relationship between P. minor population growth rate and temperature can indeed translate the prevailing levels of environmental variability into substantial effects on long-term average rates of population growth. Our analyses also demonstrate marked differences in the importance of different components of environmental variability, where annual variability had almost no effect while the seasonal variability in the temperate breeding grounds had a substantial impact. These findings could have considerable implications for our understanding of population ecology more generally, highlighting a potentially much greater role for environmental variance in the population dynamics of wildlife. There is a large body of evidence that concave functions similar to those found here dominate the relationship between temperature and population growth in a wide range of species [4, 28, 29] . These underlying relationships have been particularly well-studied in ectotherms, and while the functions for ectotherms can be asymmetric becoming convex when temperatures fall far below the optimum, they show a concave Proportional reduction in population multiplication rates caused by variability in temperature. In this figure, a value of 1 would indicate that variability had not reduced population multiplication rate below what could be achieved in a constant environment. A value of 0.75 would indicate that a particular component of variability had reduced the population multiplication rate by 25%. In this way, we estimated the effect of the various components of temperature variability-annual, daily, and seasonal-and further partitioned these effects into those caused by variability on the Hong Kong wintering grounds and those on the Korean breeding grounds. Together, all sources of temperature variability combined across Hong Kong and Korea can reduce population multiplication rate by about half, and much of this is due to the effect of seasonal variability in temperature on the Korean breeding grounds.
function for most of the temperature range. In our study we have used a migratory endotherm which stays quite close to its optimum by migrating between temperate summers and tropical winters, and much like many tropical resident species that also live near their optimal temperatures, the relationship is consistently concave over this range of temperatures [4] . Although there will be some species whose population growth will follow convex relationships with temperature, particularly within the temperate zone, there are many which are concave like the black-faced spoonbill. If these concave relationships are similar to those we have found in our study system then they will also be capable of translating temperature variability into substantial negative impacts on long-term rates of population growth.
If temperature fluctuations are capable of reducing population growth rates by half, then environmental variability could be a major driver in the dynamics of populations. In this analysis, we isolated just one component of environmental variability, and the overall effect of environmental variability could be even greater given that wildlife populations are exposed to many other important environmental variables such as rainfall and ocean currents. As well as being important conceptually, these insights have important applications in conservation, highlighting the need to consider not just directional change in environmental conditions but also short-range stability and fluctuations. As the climate changes, much attention is being focused on the effects of change in average temperatures [30, 31] , but changes in the variability could also be important. Climatic variability is more difficult to predict, but recent extreme weather events have been best explained by increased climate variability, and continued change is expected into the future [32] . Seasonal variability is expected to increase, while the daily range of temperature is expected to decrease, and any change in variability is expected to be spatially heterogeneous [33, 34] . Whatever the uncertainties, if current levels of temperature variability are already sufficient to halve the population multiplication rate of a high-profile endangered species, then attention needs to be paid not just to changing average temperatures but also to the population impact of changing environmental variability. Regarding climate and weather data, we appreciate the helpful advice and support of the Hong Kong Observatory and others, especially T.C. Lee, S.M. Lee, H.W. Tong, M. Hart, and C. Cheung. NCEP Reanalysis data were provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at: http://www.esrl.noaa.gov/psd/.
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